Abstract. B-cell chronic lymphocytic leukaemia (B-CLL) has been described as the progressive accumulation of matureappearing B cells in peripheral blood and bone marrow, resulting from failed apoptosis rather than from alterations in cell cycle regulation. Recent investigations suggest that high WBC and lymphocyte counts result not only from defects in apoptosis, but also from cell proliferation. In this study, we aimed to examine the process of apoptosis in B-CLL patients before and during anti-cancer therapy, to answer the question of whether this parameter would presage the response to treatment and the clinical course of the disease. We found that ex vivo spontaneous apoptosis was higher in advanced-stage (III-IV acc. Rai) than in early-stage (I-II acc. Rai) patients. In I-II Rai stage patients the percentage of ex vivo apoptotic cells after chemotherapy was higher than that of apoptotic cells prior to treatment, whereas in III-IV Rai stage patients the percentage of ex vivo apoptotic cells after chemotherapy was lower than that of apoptotic cells before the anti-cancer therapy. The results of our study, in the context of the cited literature, suggest a relationship between higher ex vivo spontaneous apoptosis before treatment in advanced-stage patients with a higher proliferation of leukaemic cells and poor outcome.
Introduction
Apoptosis, a form of programmed cell death, plays a major role in the regulation of tissue homeostasis. An imbalance between cell death and proliferation may cause premature death or uncontrolled cell expansion. Therefore, failure in the apoptotic pathways can contribute to various diseases, including malignancies, such as leukaemia (1) . Exploring this phenomenon is a matter of great importance for improving therapies or creating new treatments for many diseases.
B-cell chronic lymphocytic leukaemia (B-CLL) represents the most common form of leukaemia in adults of Western countries, which has been described as the progressive accumulation of mature-appearing B lymphocytes in the peripheral blood and bone marrow. It appears to be the result of failed apoptosis rather than of alterations in cell cycle regulation, as most B-CLL cells are arrested in G 0 /G 1 (2) (3) (4) (5) . Moreover, while normal naive B cells have average half-lives of 5-7 days, the B-CLL cell half-lives last many months (6) . In contrast, B-CLL cells rapidly enter spontaneous apoptosis in vitro (7, 8) . However, the role of apoptosis in the mechanisms of disease progression remains unclear, and it is also possible that the apoptotic explanation is too simplistic. The latest literature suggests that apart from the long-lived peripheral blood cells with deregulated apoptosis pathways, the population of B-CLL cells may also comprise proliferating cells originated in the bone marrow, lymph nodes or spleen (9, 10) . This may partially explain B-CLL heterogeneity.
It is likely that measuring the number of apoptotic cells in the peripheral blood before and after treatment may be a useful tool for studying the biology and assessing the susceptibility of leukaemic cells to agents inducing apoptosis. It is crucial to find a method that evaluates the very early stages of apoptosis ex vivo, when apoptotic cells are still present in the peripheral blood and before they are eliminated from circulation by phagocytes.
The clinical course of B-CLL patients can be extremely variable. This fact emphasises the role of prognostic factors, essential for developing risk-adapted therapeutic strategies in B-CLL. The latest valuable prognostic factors, found to predict the clinical course of the disease, included the status of somatic mutations in the Ig heavy-chain variable region (Ig VH) genes and ζ-chain associated protein-70 (ZAP-70) or CD38 expression (11) (12) (13) , the first being inaccessible for ONCOLOGY REPORTS 19: 1611 -1620 , 2008 Apoptosis in B-CLL: The relationship between higher ex vivo spontaneous apoptosis before treatment in III-IV Rai stage patients and poor outcome MALGORZATA SIEKLUCKA 1,2 , PIOTR POZAROWSKI 1 , AGNIESZKA BOJARSKA-JUNAK 1 , standard clinical laboratory testing, the latter two, as yet not standardised. However, the results of recent studies on ZAP-70 expression in B-CLL are promising (14, 15) . Nevertheless, the recognition of an easy-to-perform screening factor, enabling the division of B-CLL patients into good and poor prognosis subgroups, would be of great value. Since recent investigations suggest that high WBC and lymphocyte counts result not only from defects in programmed cell death leading to the accumulation of leukaemic cells, but also from their proliferation (16), we aimed to examine the process of apoptosis in untreated B-CLL patients, as well as in patients undergoing treatment, to ascertain if this parameter would presage the response to treatment and the clinical course of the disease. Apoptosis. The percentage of apoptotic cells in B-CLL patients was measured at the time of diagnosis, as well as 3, 24 and 48 h after the first dose of drug administration (during the initial cycle of therapy). The percentage of apoptotic cells in B-CLL patients at the time of diagnosis was compared to that of apoptotic cells in healthy control subjects. Three different methods were used to assess apoptosis (Fig. 1). 1) Chloromethyl-X-rosamine staining (Mito Tracker Red CMXRos, Molecular Probes, USA). CMXRos is a cationic lipophilic fluorochrome that does not accumulate in depolarised mitochondria and thus can be used to detect disruptions in the mitochondrial membrane potential (ΔΨ m ). CMXRos was used in combination with the monoclonal anti-glycophorin A/FITC-conjugated antibody (Dako) to label glycophorin A on the cell surface of erythrocytes. It was proved useful with erythrocyte-contaminated samples with erythrocytes displaying a low ΔΨ m , similar to apoptotic cells (17) (18) (19) (20) .
Materials and methods

Patients
CMXRos was prepared as a stock solution in dimethylsolfoxide (DMSO) and stored at -20˚C. Cells were resuspended in 0.5 ml of complete culture medium with 0.2 μM CMXRos working solution and incubated for 30 min at 37˚C. For the last 15 min of incubation, anti-glycophorin A (FITC) monoclonal antibody was added at the concentration recommended by the manufacturer. Cells were acquired and analysed by a flow cytometer immediately after the incubation period. Cells considered to be apoptotic displayed a decrease in the mitochondrial membrane potential in CMXRos staining and were glycophorin A-negative (ΔΨ m low /Gly-A -). 2) Fluorescein-diacetate (FDA) staining (Sigma, Germany). FDA is taken up by vital cells, hydrolysed there by esterases, with free fluorescein being the product of this reaction. Necrotic cells are identified with propidium iodide (PI), which permeates into necrotic cells and cells in the necrotic phase of apoptosis (21) .
FDA was prepared as a stock solution in acetone and stored at -20˚C. Cells were incubated with 10 nM FDA working solution for 5 min at room temperature. PI was then added (to the final concentration of 1 μg/ml) and samples were analysed by a flow cytometer. Cells considered to be apoptotic were FDA and PI negative (FDA -/PI -). 3) Annexin V technique. This technique (TACS Annexin V-FITC apoptosis detection kit, R&D Systems, Germany) enables the investigation of plasma membrane alterations at two different steps: 1) phosphatidylserine (PS) redistribution from the inner plasma membrane leaflet to the outer leaflet can be detected by Annexin V (FITC-conjugated), binding to PS, while 2) the loss of plasma membrane integrity can be shown by PI (21, 22) .
Cells were incubated with a TACS Annexin V-FITC apoptosis detection kit as recommended by the manufacturer and samples were analysed by a flow cytometer. Cells considered to be apoptotic displayed PS expression and were PI negative (Ann-V + /PI -).
Cell culture. The mononuclear cells of B-CLL patients and healthy individuals were cultured in RPMI-1640 medium supplemented with 2 mM L-glutamine, NaHCO 3 , 100 U/ml penicillin, 100 μg/ml streptomycin and 10% heat-inactivated foetal calf serum at 37˚C in a humidified atmosphere containing 5% carbon dioxide for 48 h.
Statistical analysis. The Mann-Whitney U test was applied for the statistical comparison of the results. The Spearman rank test was used to assess the correlation between the variables. P-values ≤0.05 were considered significant. The results are expressed as median, min.-max., 25-75%, non-outlier range, outliers and extreme values or the mean value ± standard deviation (SD). Statistica 5.0 PL and Microsoft Excel 2000 software were used for statistical procedures. (Fig. 2 (p<0.001) than that of the Ann-V + /PI -apoptotic cells in healthy individuals (mean 3.9±1.4% and median 3.8%).
Results
Assessment of the percentage of apoptotic cells in previously untreated B-CLL patients and in healthy individuals
Relationship between the percentage of apoptotic cells and clinical parameters of B-CLL.
The results of our research were analysed in association with the principal prognostic factors identified in B-CLL. There were inverse correlations between the ex vivo percentage of ΔΨ m low /Gly-A -apoptotic cells and leukocytosis and lymphocytosis in untreated B-CLL patients (R=-0.3, p<0.05). However, we did not observe significant correlations between the ex vivo percentage of apoptotic cells and such prognostic factors as the lactate dehydrogenase (LDH) or ß 2 -microglobulin levels, as well as CD38 or ZAP-70 expression.
Relationship between the percentage of apoptotic cells and the Rai stage. Ex vivo apoptosis was compared between patients in early (0, I and II) versus late (III and IV) stages of B-CLL.
CMXRos. A direct correlation was found between the percentage of PB apoptotic (ΔΨ m low /Gly-A -) cells and the Rai stage (R=0.64, p<0.05) in untreated B-CLL patients. When compared, the advanced-stage (III-IV acc. Rai) patients showed a significantly higher (p<0.01) percentage of ex vivo ΔΨ m low /Gly-A -apoptotic cells before treatment (mean 6.4±7.0% and median 4.1%) than the early-stage (0-II acc. Rai) patients (mean 2.8±2.5% and median 2.2%), (Fig. 2) .
FDA. A direct correlation was also found between the percentage of PB apoptotic (FDA -/PI -) cells and the Rai stage (R=0.5, p<0.01) in untreated B-CLL patients. The patients with advanced disease (III-IV acc. Rai) showed a significantly higher (p<0.01) percentage of ex vivo FDA -/PI -apoptotic cells before treatment (mean 2.5±1.1% and median 2.5%) than the early-stage (0-II acc. Rai) patients (mean 1.5±1.5% and median 1.0%), (Fig. 2) .
Annexin V. The advanced-stage (III-IV acc. Rai) patients showed a higher percentage of ex vivo PB apoptotic (Ann-V + /PI -) cells before treatment (mean 1.8±1.6% and median 1.4%) than the early-stage (0-II acc. Rai) patients (mean 1.4±1.2% and median 1.1%, NS), (Fig. 2) .
Differences between the percentage of apoptotic cells before and after purine analogue administration. In patients receiving purine analogues the percentage of apoptotic cells was evaluated before treatment, as well as 3 and 24 h after the first dose of drug administration (during the initial cycle of Table I . The characteristics of B-CLL patients. 
. In brief, we found that while the level of posttreatment apoptosis increased (compared to pre-treatment apoptosis) in 0-II Rai stage patients, it decreased in III-IV Rai stage patients. Details are shown in Table II . Response to treatment. The response to the treatment was defined according to the NCI criteria: CR, complete remission; PR, partial remission; SD, stable disease and PD, progressive disease (23) .
Comparison of the percentage of apoptotic cells in patients who responded and who did not respond to treatment (according to the NCI criteria).
We found no significant differences between the post-treatment percentage of apoptotic cells in patients who responded and who did not respond to treatment, though we noted that in the first group (CR+PR patients) apoptosis increased after treatment (similar to earlystage patients), while in the latter group (SD+PD patients) it decreased (similar to advanced-stage patients) compared to pre-treatment apoptosis. However, the pre-treatment percentage of apoptotic (ΔΨ m low /Gly-A -and Ann-V + /PI -) cells was significantly higher in patients who did not respond compared to those who responded. 
Percentage of apoptotic cells in patients with advanced B-CLL (APO).
From the group of patients who had a short survival due to the progression of the disease, we separated an additional subgroup of patients. They were B-CLL patients whose pre-treatment percentage of apoptotic cells was high, and which decreased after treatment (therefore the group was termed APO). All of the patients included in this group had either SD or PD according to the NCI criteria. We compared the percentage of apoptotic cells in APO patients with all of the examined B-CLL patients, as well as with those who achieved CR or PR (Fig. 3) .
CMXRos. The ex vivo percentage of apoptotic (ΔΨ m low / Gly-A -) cells before treatment in APO patients (mean 12.3±9.6% and median 11.6%) was significantly higher (p<0.01) than that of ΔΨ m low /Gly-A -cells in all of the examined B-CLL (mean 2.8±2.3% and median 2.4%), and CR+PR patients (mean 2.9±2.4%, median 1.8%), (Fig. 3) .
In patients who achieved CR or PR (CR+PR) the ex vivo percentage of apoptotic (ΔΨ m low /Gly-A -) cells after chemotherapy (mean 6.4±6.7% and median 3.9%) was significantly higher (p<0.05) than that of apoptotic cells before treatment, whereas in APO patients the post-treatment percentage of ex vivo apoptotic cells (mean 6.9±8.5% and median 2.6%) was significantly lower (p<0.05) than that of apoptotic cells before cytostatic therapy (Fig. 4) .
FDA. (Fig. 3) .
In CR+PR patients the ex vivo percentage of apoptotic (Ann-V + /PI -) cells after the cytostatic administration (mean 3.4±4.8% and median 1.5%) was significantly higher (p<0.05) than that of apoptotic cells before treatment, whereas in the APO patients the percentage of ex vivo apoptotic cells after chemotherapy (mean 1.6±1.2% and median 1.3%) was significantly lower (p<0.05) than the pre-treatment percentage of apoptotic cells (Fig. 4) .
Correlations between the results achieved by the different methods of apoptosis evaluation.
We found significant positive correlations between the results achieved by the three different methods of apoptosis evaluation in most time points (data not shown). The differences between the results at some points may be caused by the different time windows --------------------------------------------------------------------------------------------------- 
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of the methods and by the fact that they evaluate different phenomena of the apoptotic pathway.
We noted a higher percentage of apoptosis evaluated by CMXRos staining compared to the FDA and Annexin-V technique, in healthy subjects and B-CLL patients (Figs. 2-4) . C-D) . In APO patients the post-treatment percentage of ex vivo apoptotic cells was significantly lower (p<0.05) than the percentage of apoptotic cells before anti-cancer therapy, whereas in CR+PR patients the percentage of ex vivo apoptotic cells after chemotherapy was significantly higher (p<0.05) than before the treatment. Figure 3 . The ex vivo percentage of apoptotic cells evaluated by CMXRos (A) and Annexin V (B) before treatment in three groups of patients: those who achieved CR or PR, in all of the examined B-CLL patients and in those with advanced disease (APO). The APO group was separated from the group of patients who had a short survival due to the progression of the disease. Those were B-CLL patients whose pre-treatment percentage of apoptotic cells was significantly higher (p<0.01) than that of all of the examined patients, and in patients who achieved CR or PR (CR+PR patients), decreasing after treatment. All of the patients included in the APO group had either SD or PD according to the NCI criteria.
percentage of apoptotic cells in the leukaemic cell culture (median 30.3%) in the complete medium was significantly higher (p<0.05) than that of the apoptotic cells in the culture of healthy individual cells (median 19.5%).
Discussion
One of the most important findings of the studies on cancer biology has been the discovery that apoptosis plays an essential role in the development of the disease and in the treatment response. Many anti-cancer therapies, including chemotherapy and ionising radiation, act through apoptosis induction in target cells. It is known that deregulated apoptosis plays a role in the pathogenesis of B-cell chronic lymphocytic leukaemia. We hypothesised that the evaluation of ex vivo apoptosis might provide new important information concerning the biology and prognosis of B-CLL.
In our study, we used three methods of early apoptosis evaluation, based on the assessment of three different events in the apoptotic pathway, with CMXRos being the basic technique. CMXRos is a fluorochrome that can be used to detect disruptions in the mitochondrial membrane potential (ΔΨ m ), one of the earliest events in the apoptotic pathway (17, 19, 20) . The collapse of ΔΨ m is a marker of early apoptosis, preceding other hallmarks of cell death, such as DNA fragmentation or phosphatidylserine externalisation (detected by Annexin V) (24) (25) (26) . This method has allowed us to evaluate the very early stages of apoptosis ex vivo, when apoptotic cells are still present in peripheral blood. The percentage of the cells with a disrupted ΔΨ m measured by CMXRos was generally higher than that of apoptotic cells evaluated by FDA or Annexin V in all of the studies performed. It appears likely that early apoptotic cells (cells with a disrupted ΔΨ m in CMXRos staining) circulate in peripheral blood, while cells representing later events in the apoptotic pathway (Annexin V-positive cells) are phagocitised by endothelial cells, and therefore are impossible to detect ex vivo. These results suggest that the CMXRos technique is a sensitive method in assessing the number of apoptotic cells ex vivo in peripheral blood.
As expected, the spontaneous apoptosis in B-CLL patients before treatment was significantly lower compared to the healthy controls. Low ex vivo spontaneous apoptosis in patient peripheral blood confirmed the defective apoptosis as one of the mechanisms of leukaemic lymphocyte accumulation in B-CLL. A new finding of our study was that ex vivo spontaneous apoptosis was higher in advanced-(III-IV acc. Rai) than in early-stage (I-II acc. Rai) patients. Moreover, in III-IV Rai stage patients the percentage of ex vivo apoptotic cells after chemotherapy was lower than before therapy, whereas in I-II Rai stage patients the percentage of ex vivo apoptotic cells after chemotherapy was higher than before the treatment. It is known that the advanced stage is an unfavourable prognostic factor in B-CLL, frequently associated with resistance to chemotherapy (27, 28) . However, the high percentage of apoptotic cells in untreated advanced-stage patients and a positive correlation between the percentage of apoptotic cells and B-CLL stage are original and notable observations. To our knowledge this is the first study showing such results. One can speculate that processes other than the accumulation of undying cells could also be responsible for a high lymphocyte count in the advanced stages of B-CLL. The recent results of Messmer et al (10) suggest that proliferation may be an important factor contributing to tumour mass growth in B-CLL. This finding has suggested that the B-CLL clone proliferates at appreciable rates and cells produced in the bone marrow, lymph nodes or spleen may be slowly released into other compartments. Similarly, we found that advanced-stage (III-IV acc. Rai) patients showed higher proliferation rates (measured by the incorporation of (10, 29) , who have shown that an active and progressive B-CLL correlates with higher birth rates of B-CLL cells, which may be connected with high cell death rates in patients with high turnover rates and stable WBC counts. Thus a stable WBC count need not reflect disease activity. These observations may explain the heterogeneity in the clinical course and emphasise the role of prognostic factors in B-CLL, crucial for developing risk-adapted therapeutic strategies.
A theory suggesting a three-step model of the natural history of indolent lymphomas, including B-CLL, exists. The first step is an unknown genetic abnormality (or abnormalities) responsible for the clone of the transformed cells that appear. Malignant cells then start to accumulate, probably due to deregulated apoptosis, and their interactions with the microenvironment contribute to apoptosis deregulation (the second step). Over time, with the appearance of new, more dangerous genetic abnormalities, leukaemic cells begin their autonomous proliferation (third step). Prolymphocytoid or Richter's transformations of B-CLL represent examples of the disease progression from the second to the third step (30) . Thus in advanced-stage B-CLL patients, the clone of malignant cells, previously arrested in G 0 /G 1 , may evolve into an actively proliferating population. It is likely that these autonomously proliferating cells show a greater ability to enter spontaneous apoptosis, while being more resistant to drug-induced apoptosis. It may explain the results of our studies, which are the high percentage of apoptotic cells in untreated III-IV Rai stage B-CLL patients and a direct correlation between the percentage of apoptotic cells and the disease stage.
Investigations have shown that cell proliferation and death rates differ considerably among B-CLL patients and the level of cell turnover is important for the natural history of disease progression in an individual patient, which can have significant clinical implications (10, 16) . These observations may contribute to understanding the biology of B-CLL and explain its heterogeneity as well as contrasts between the results achieved by various researchers. Oliveira et al (31) showed an inverse correlation between the percentage of Annexin V-positive cells and the Rai stage in B-CLL. They concluded that the progression of B-CLL is accompanied by a loss of the capacity to enter apoptosis in vitro. However, they estimated the spontaneous apoptosis of lymphocytes after 48 h of culture, so these findings are incomparable with our ex vivo results. Ricciardi et al (32) found that cultured B-CLL cells from patients with progressive disease were characterised by a more quiescent status (lower RNA content of G 0 /G 1 ) and a much lower susceptibility to apoptosis when compared with stable disease patients. However, in fresh B-CLL samples, no significant differences in the mean values of apoptosis between patients with progressive and stable disease were observed.
On analysing the results of our ex vivo studies, we observed no significant correlations between the percentage of apoptotic cells and such prognostic factors as the lactate dehydrogenase (LDH) or ß 2 -microglobulin levels, as well as CD38 or ZAP-70 expression. It is likely that there is no direct link between these risk factors and apoptosis regulation in B-CLL cells. Messmer et al (10) also did not identify a significant correlation between the LDH level, CD38 and ZAP-70 expression or Ig VH gene mutation status and birth or death rates of B-CLL cells. They have suggested that birth or death rates are real-time markers of the B-CLL cell kinetic activities, while the former markers presage the eventual outcome for an individual patient.
As mentioned in Results, from the group of patients who had a short survival due to the progression of the disease, we have separated the subgroup of patients (termed APO), whose pre-treatment percentage of apoptotic cells was 3 times higher than in all of the examined patients, but decreased after treatment. All of the patients included in this group had either SD or PD according to the NCI criteria. However, we found some differences between them. For instance, P41 had been in the II Rai stage when included in this study, and 12 months later her condition transformed into Richter's syndrome and she had a short survival. In Richter's syndrome multiple genetic defects have been described, which may cause leukaemic cells to proliferate. Thus, the highly spontaneous apoptosis in P41 may have reflected a high cell turnover with high birth and death rates. The case of this patient emphasises the significance of prognostic factors in B-CLL, as the clinical staging systems do not allow for the prediction of any further clinical course of the disease in an individual patient when diagnosed in the early stage. In another patient from this group (P14, IV stage acc. Rai), during the first cycle of chemotherapy the post-treatment WBC count was higher than the pre-treatment WBC one and similarly, the posttreatment peripheral lymphocyte count was higher than the pre-treatment lymphocyte one, while, similar to other APO patients, post-treatment apoptosis was lower than the pretreatment apoptosis. Could the high pre-treatment spontaneous apoptosis be considered as an unfavourable prognostic factor in patients with stable or increasing WBC counts? This issue needs further investigation but our results seem to support such a possibility. It appears likely that a standard evaluation of the percentage of apoptotic cells in all of the untreated B-CLL patients, using the method enabling the ex vivo detection of early apoptotic cells, may help to predict the clinical outcome for an individual patient.
